We employ the recently published Crust 5.1 model of global crustal structure (Mooney et al. 1998) to estimate the topographic contributions of isostatically compensated crustal loads and, in turn, infer a long-wavelength ®eld for Earth's dynamic surface topography. Our inference of dynamic surface topography is characterized by peak-to-peak variations of the order of 4 km. We argue that the square root of age variation of the oceanic bathymetry has a dynamic origin. Remarkably, continental regions are the site of deep (approximately 1.5 km) dynamic surface topography depressions. The power spectrum of the ®eld is dominated by spherical harmonic degrees l=1, 4 and 5, suggesting the importance of continent±ocean differences, rather than deep lower mantle heterogeneity, to its origin. We model the Crust 5.1-based inference of dynamic surface topography within the context of seismic tomography-based internal loading theories. We compute the depth dependences of dynamic surface topography response functions for various viscosity pro®les that we consider in our analyses. Our best descriptions of the Crust 5.1-based inference achieve total variance reductions of the order of 70 per cent in the spherical harmonic degree range l=1±8. These are obtained for wholemantle circulation models that preclude lower mantle heterogeneity from maintaining signi®cant vertical stresses on the outer surface. These models are characterized by a signi®cant increase in viscosity across the depth of the 660 km seismic discontinuity, by a factor of at least 50 relative to the average viscosity of the upper mantle. We also consider results of a layered circulation model but, in this case, we are unable to reconcile constraints provided by large-scale superswell topography. We propose that the antipodal Paci®c and African superswells are dynamically maintained by positively buoyant lower mantle superplumes imparting on the outer surface a large-scale, low-amplitude, predominantly degree 2 pattern of vertical stresses. Finally, we note that the Crust 5.1-based inference of dynamic surface topography provides useful geodynamic constraints on the nature of deep subcontinental structure: optimal descriptions of the data require deep subcontinental keels composed of anomalously dense material.
I N T R O D U C T I O N
The recent development of an accurate global model of crustal structure by Mooney et al. (1998) has offered the possibility of reconsidering the question of the Earth's large-scale dynamic surface topography, that is, the warping of the solid outer surface due to vertical tractions imparted on it by the underlying mantle convective circulation. Early investigations of this datum focused on oceanic regions (Cazenave et al. 1989; Colin & Fleitout 1990; Cazenave & Lago 1991) . The main observation that was made was that the oceanic`residual' topography, de®ned as the difference between the actual topography of the sea¯oor (corrected for isostatic sediment loading) and the topography predicted by best-®tting thermal diffusion models of the oceanic lithosphere, was small. Departures from the square root of age cooling law were found to be of the order of 0.5 km or less by Cazenave et al. (1989) and Colin & Fleitout (1990) , and of the order of 1 km by Kido & Seno (1994) . The difference between these estimates most likely re¯ects inherent worldwide variations in the rate of subsidence of the oceanic lithosphere (Hayes & Kane 1994) .
A debate ensued concerning the interpretation of the residual oceanic topography. Cazenave et al. (1989) suggested that it was dynamically supported by deep lower mantle processes, whereas Colin & Fleitout (1990) instead proposed that it was the result of shallow sublithospheric processes since it could be described by simply adding a term proportional to the square of the age of the lithosphere to the cooling law. In any case, in these investigations the residual topography was equated with dynamic surface topography maintained by sublithospheric mantle convection. The fact that it was small over oceans suggested that it must also be small over continents (and therefore globally), a view that gained support following the work of Gurnis (1990) , in which the stratigraphic record of marine transgressions and regressions in continental areas was employed to infer that (relative) variations in continental dynamic surface topography could not have exceeded a few hundred metres.
The small amplitude of the residual topography was suggested to be incompatible with whole-mantle circulation internal loading calculations that accurately reconciled Earth's longwavelength non-hydrostatic geoid (Ricard et al. 1984; Richards & Hager 1984) . After removing tomographically imaged shallow lithospheric structure whose contribution to the topography over oceanic regions was assumed to have already been accounted for by the square root of age cooling law, whole-mantle internal loading theories still predicted a few kilometres of¯ow-maintained residual topography at Earth's solid outer surface (e.g. Ricard et al. 1993; Kido & Seno 1994) .
This apparent con¯ict led to the development of several models of mantle structure in which the a priori seismic tomographic models employed in the loading calculations were modi®ed by the addition of mantle heterogeneity speci®cally chosen to decrease the amplitude of the predicted residual topography. Thoraval et al. (1995) located the extra (sheet mass) load at the depth of the 660 km seismic discontinuity and attributed its origin to partial layering of the circulation due to the operation of the high-pressure endothermic transformation of spinel to a mixture of perovskite and magnesiowu È stite (Christensen & Yuen 1985; Machetel & Weber 1991; Peltier & Solheim 1992; Tackley et al. 1993) . Le Stunff & Ricard (1997) modelled the additional load as proportional to the radial component of¯ow velocity and imagined it to be the result of partial advection of equidensity surfaces in the transition zone. Wen & Anderson (1997) considered a two-layer model of the circulation, an approach also followed by C Ï adek et al. (1997) . Such types of layered models have been shown by Pari & Peltier (1998) to be equivalent to models with no explicit¯ow-blocking boundary condition but, instead, appropriately constrained mantle heterogeneity in the form of sheet mass loads. Although the goal of signi®cantly reducing the amplitude of the predicted residual topography was achieved, it is noteworthy that in none of the investigations cited above was a global model of residual topography employed to constrain the modelling. Forte et al. (1993a,b) approached the question of the Earth's dynamic surface topography differently. They observed that at very long wavelengths, the dominant contribution to Earth's isostatic topography comes from continent±ocean crustal differences. They therefore parametrized global crustal density variations in terms of a (zero-average) continent function and computed the isostatically maintained equilibrium level of their model crust. By subtracting the isostatic topography inferred in such a manner from the observed topography, Forte et al. (1993a,b) obtained a global ®eld for dynamic surface topography characterized by topographic highs of the order of 2.5 km over regions of rapidly accreting oceanic crustÐin these analyses, topographic contributions due to thermal contraction of the lithosphere were treated as having a dynamic originÐ and, remarkably, topographic lows of similar amplitude over all continental interiors. It was shown that this inferred datum was well reproduced within the context of whole-mantle circulation models that also simultaneously reconciled the longwavelength non-hydrostatic geoid. Subsequently, the questions of the de®nition and magnitude of dynamic surface topography, whether it is large with peak-to-peak variations of 5 to 6 km (Forte et al. 1993a,b) or signi®cantly smaller, of the order of a few hundred metres (Cazenave et al. 1989; Gurnis 1990) , have been the subject of much discussion in the literature (e.g. Gurnis 1993; Le Stunff & Ricard 1995 Ravine 1997) .
In this paper, we will begin by reviewing some of the arguments that have been made concerning the de®nition and amplitude of dynamic surface topography. We will argue that the usual square root of age cooling law has a dynamic origin and, therefore, that the magnitude of the Earth's dynamic surface topography is of the order of a few kilometres. In particular, we will focus in this context upon the baseline correction that has traditionally been made when considering the dynamic surface topography of the continents, a correction that may seriously bias conclusions. However, the main focus of this paper will gravitate around the inference of dynamic surface topography based on the recently published Crust 5.1 model of Mooney et al. (1998) and the description of this topography in terms of tomography-based models of mantle convection. Remarkably, the Crust 5.1 inference indicates that continents generally reside in (relative) dynamic surface topography depressions of the order of 1±2 km (Vidale & Mooney 1996; Pari & Peltier 2000 ). We will demonstrate that the new inference we adopt for Earth's dynamic surface topography provides useful geodynamic constraints on the deep structure of continents, the radial style of the mantle convective circulation through a consideration of superswell topography, and the depth pro®le of mantle viscosity. Our best theoretical descriptions of this global geophysical ®eld achieve excellent long-wavelength, spherical harmonic degree 1±6 total variance reductions of the order of 75 per cent for models that preclude lower mantle thermal anomalies from exerting signi®cant vertical tractions on Earth's outer surface. Importantly, we will show that the Crust 5.1-based inference of dynamic surface topography may be reconciled within the context of whole-mantle circulation models.
H O W L A R G E I S E A R T H ' S D Y N A M I C S U R F A C E T O P O G R A P H Y ?
How large is Earth's dynamic surface topography? Is it of the order of a few hundred metres or does it exhibit signi®cantly greater peak-to-peak variations of the order of several kilometres? We can (qualitatively) answer this question by carefully de®ning terms.
The deformation of the surface of a¯uid that is maintained by convective motions or, in reference to Earth, the dynamic surface topography dr E , can be determined from a consideration of mechanical equilibrium at the de¯ected surface by requiring the balance of vertical tractions s rr on either side r
In this work, we will compute Earth's dynamic surface topography according to eq. (4) using seismic tomography-based mantle convection models; however, before doing so in Section 4 below, it is useful to note the following insights concerning this equation. Jarvis & Peltier (1982) , using idealized models of thermal convection most appropriate to the description of the suboceanic lithosphere and mantle, carried out predictions of oceanic bathymetry (using eq. 4) and compared the results of their numerical experiments to those obtained from boundary layer theory (Oxburgh & Turcotte 1978) . Here, it is useful to recall the boundary layer theory result relating water depth D BL to thermal contraction of the lithosphere as a function of horizontal distance x from the (zero-depth) ridge axis (at x=0):
in which a denotes thermal expansivity and T is the temperature ®eld. Integrating the thermal structure down to a certain assumed depth of isostatic compensation z iso chosen below the thermal boundary layer yields the familiar prediction of square root of age variation of oceanic bathymetry (Turcotte & Oxburgh 1967; McKenzie 1967) . Eq. (5) explains the reason why the square root of age law is often referred to as`isostatically maintained' topography in the literature. Jarvis & Peltier (1982) noted that the bathymetric variation along the top of the upper thermal boundary layer in their mantle convection simulations closely followed a square root of age behaviour (away from plumes). In these simulations, such variation was shown to approximately arise from (i) a term equivalent in form to eq. (5) and (ii) a non-negligible term whose origin was shown to be due to deeper sources of buoyancy that cause departures from the horizontal, at the chosen depth of isostatic compensation z iso , of the level of constant vertical stress (see also Schubert et al. 1978) . The idea that sea¯oor subsidence in proportion to the square root of age may to some degree originate from sublithospheric (small-scale) convection was also suggested by Buck (1987) in the context of numerical simulations of a laterally varying viscosity¯uid. Eberle & Forsyth (1995) proposed that such an interpretation provided a natural reconciliation of the large range of rates of subsidence inferred at mid-ocean ridges (Hayes & Kane 1994) .
Based on the discussion presented in the previous paragraph, we note the following: (i) the square root of age topography implied by eq. (5) arises from convectively maintained vertical stresses and can be computed according to eq. (4) [in this respect, see also the comments presented in Forte et al. (1993b) ]; and (ii) equating the oceanic residual topography obtained by subtracting from the observed topography the ridge topography that follows a best-®tting square root of age law may lead to a signi®cant underestimation of the dynamic support provided by the upper mantle in oceanic regions. Therefore, it is most natural to employ tomography-based mantle convection models to calculate the dynamic surface topography maintained by deep mantle loads and by shallow, lithospheric heterogeneity according to eq. (4). This is the approach we follow in Section 4 of this paper. The de®nition we adopt immediately implies a few kilometres of dynamic surface topography over the oceans.
We note that the frequent identi®cation in the literature of residual topography over oceanic regions with dynamic surface topography has often been taken to imply that continental dynamic surface topography should be of the order of only a few hundred metres at most (e.g. Cazenave et al. 1989; Kido & Seno 1994; . Essentially, it is assumed that the average dynamic support of the continents must be the same as that of the oceans or, in other words, that the baseline elevation due to dynamic processes operating beneath the oceanic and continental lithospheres is the same. This assumption has fundamental geophysical implications. By making it, one rejects on an a priori basis the possibility that some (near-surface) large-scale mantle convection process well correlated to the surface expression of the continents is acting coherently to depress, or elevate, Earth's surface in these regions. The possibility that continental nuclei embedded within tectonic plates exert direct control on certain aspects of the mantle convective circulation is one that has been investigated previously (e.g. Pari & Peltier 1996; Lenardic 1998; Pari & Peltier 2000) . Of particular importance to our discussion is the demonstration by Pari & Peltier (1996 , 2000 that accurate descriptions of the very long-wavelength continental free-air gravity ®eld favour the existence of anomalously dense material in the subcontinental upper mantle. Evidently, the downward stresses exerted on the surface by such mass excesses will cause continental dynamic surface topography to be systematically depressed relative to other regions of the globe. In such a case, the application of a baseline correction would have the obviously misleading effect of attributing to some continents positive residual elevations rather than negative dynamic elevations.
The question of continental baseline correction is particularly relevant in the consideration of the recent work of LithgowBertelloni & Silver (1998) concerning model explanations of the excess elevation of the African continent (the African Superswell; Nyblade & Robinson 1994) . Ipsometric data indicate that the South African craton stands in excess of 0.5 km above the average elevation of old continental interiors. Assigning a dynamic origin to this residual elevation clearly requires upwelling¯ow in this case, modelled by Lithgow-Bertelloni & Silver (1998) as due to the effect of the deep lower mantle large-scale low-velocity anomaly that is imaged beneath Africa (e.g. Dziewonski & Woodward 1992) and has been interpreted as a superplume. However, no particular consideration of the potentially dynamically important deep structure of African cratons is made other than assuming that it is dynamically inactive above 325 km, a signi®cant issue in view of the fact that the response functions for dynamic surface topography are predominantly sensitive to structure near the surface of the Earth (see Fig. 3 below) . In order to circumvent the ambiguity necessarily associated with the choice of a baseline correction for continental dynamic surface topography, one needs to revert to explicit global models of the thickness and density of the crust. In the next section, we therefore turn to the inference of the Earth's dynamic surface topography based on the recently proposed Crust 5.1 model of Mooney et al. (1998) . et al. (1998) have recently developed the Crust 5.1 global model of crustal heterogeneity. This model resolves on a 5ur5u grid variations in compressional and shear wave velocities of the crust inferred on the basis of extensive compilations of oceanic and continental seismic refraction pro®les. In turn, local variations in crustal density are inferred from empirical seismic velocity to density relationships [for example, the linear regression lines of Christensen & Mooney (1995) are employed to infer the density of the crystalline crust in continental settings]. The Crust 5.1 model consists of a mantle layer and seven crustal layers, namely two lower crustal layers, three upper crustal layers, a layer of water and a layer of ice. Employing such a global crustal model to carry out the isostatic correction of the observed topography resolves ambiguities associated with the use of a continental baseline correction in the inference of dynamic surface topography (e.g. Lithgow-Bertelloni & Silver 1998) or associated with the use of a continent function to de®ne crustal heterogeneity (Forte et al. 1993a) .
Our starting point is the construction of a background, isotropic crustal model. We obtain this directly by averaging over the surface of the sphere the crustal layers of the Crust 5.1 model. The average thicknesses and densities {c i avg , r i avg } of the i=1, . . . , N=7 layers that result from this exercise are indicated in Table 1 (G. Laske, personal communication, 1998) . Perturbations dc i to the equilibrium levels of these background layers can then be readily calculated in order to estimate the isostatically maintained topography of the Earth's solid outer surface. We solve the following system of N+1 equations for each 5ur5u grid element in the crustal model:
in which the {c i , r i } denote the local thickness and density of the ith layer. Eq. (6) is simply a statement that the thickness of the ith average layer is locally related to the perturbed thickness of the ith layer (the dc i may take either positive or negative values depending on the actual local crustal column). Eq. (7) implements in the usual manner the condition of isostatic (Airy) compensation of crustal loads, namely that the total pressure exerted by the background con®guration on the mantle substratum be the same as that exerted by each local crustal column (assuming a constant gravitational acceleration). {c N+1 , r N+1 } corresponds to the thickness/density pair of the mantle wedge at the base of the local crustal column. A solution for the isostatic equilibrium level of the Earth's solid outer surface relative to the background isotropic con®guration, corresponding to dc 1 xc 1 xc 2 , in which c 1 and c 2 denote the thicknesses of the layers of water and ice, respectively, can then be obtained by ®rst solving eq. (7) for dc N+1 , and then solving eq. (6) iteratively for dc N , dc Nx1 , etc., until a solution is obtained for dc 1 .
In Fig. 1 (b), we show a long-wavelength representation, within the spherical harmonic degree range l=1±8, of the surface topography that is inferred to be isostatically maintained on the basis of eqs (6) and (7) and the Crust 5.1 model. [Images of this topography have also been presented in Vidale & Mooney (1996) , Mooney et al. (1998) and Pari & Peltier (2000) . In the former two cases, however, a square root of age model of oceanic topography was added to the Crust 5.1 inference of isostatic topography.] For comparison, we show in Fig. 1 (a) the observed topography (ETOPO5 database). This global map clearly exhibits a bimodal distribution of elevations, characterized by elevated continental interiors and low-lying oceanic regions. Within the degree range under consideration, the relative maximum elevation of most continents is of the order of 5±5.5 km, although we note that Africa, Antarctica and Australia are found to lie at lower maximal elevations of the order of 4 km. Maximum relative topographic depressions in oceanic regions are of the order of 4 km. In Fig. 2 , we compare the disaggregated root mean square power spectrum of these two topographies. We note a similar monotonic decrease in the power spectrum of both ®elds, with signi®cant power concentrated at the longest wavelengths (degrees l=1±3).
As discussed in the previous section, we simply call dynamic surface topography the difference between the observed topography and the topography associated with isostatically maintained crustal loads. The dynamic surface topography de®ned in such a manner is shown in Fig. 1(c) . In Fig. 2 , we show the disaggregated root mean square power spectrum of this relative ®eld. Interestingly, the spectrum is dominated by degrees l=1, 4 and 5. The lack of strong degree 2 components suggests that deep lower mantle seismic heterogeneity, itself characterized by Table 1 . Average thicknesses and densities of the crustal layers in Crust 5.1 (Mooney et al. 1998 strong degree 2 components (e.g. Dziewonski & Woodward 1992) , does not contribute signi®cantly to the origin of this topography. On the other hand, the relatively strong l=4 and 5 components may be indicative of a dynamic origin rooted in upper mantle continent±ocean differences. These are questions that we will explore in detail in Section 5. First, we note that Fig. 1 (c) reveals dynamic surface topography highs that closely follow the geographical location of mid-oceanic ridges and have relative amplitudes that correlate well with regions of fast-, or slow-, spreading sea¯oor. However, the most striking observation immediately made upon inspection of Fig. 1 (c) is that local dynamic surface topography minima are associated with all the continents. Maximum relative values of these dynamic surface topography depressions are indicated in Table 2 and range between 1.5 and 2.0 km for Eurasia, North America and South America, and 1.0 and 1.3 km for Australia, Antarctica and Africa. As has been discussed before (Forte et al. 1993a; Pari & Peltier 2000) and will be further elaborated upon below, this result has important physical implications concerning subcontinental mantle dynamics.
However, before proceeding with the investigation of the geodynamic consequences of our inference of dynamic surface topography based on the Crust 5.1 model, it is important that we assess the sensitivity of this inference to errors in both the densities and the thicknesses of the crustal layers. In particular, we focus on the robustness of the pronounced dynamic surface topography lows in continental regions. Unarguably, this represents the most controversial aspect of the inference.
We have carried out two sensitivity tests based on the error estimates provided by Christensen & Mooney (1995) in their detailed investigation of the structure and composition of the crystalline continental crust. In a ®rst instance, we have considered the impact on the inferred continental dynamic surface topography of errors in the boundary layer depths. In Christensen & Mooney (1995) , such errors are estimated to represent t10 per cent of the total depth of the layer. They originate from instrumental (e.g. chronometer corrections), resolution (e.g. source and receiver spacings) and modelling (e.g. 3-D crustal heterogeneity) inaccuracies; the interested reader is referred to Christensen & Mooney (1995) for further details concerning the methodology behind this error estimate. The effect on continental dynamic surface topography peak amplitudes of assigning a t10 per cent error to the depth of the Moho is listed in Table 2 (in our modelling, we implement this by modifying the layer thickness of the lower continental crust accordingly). Typically, we observe that this results in an error of the order of t20 per cent in our long-wavelength reconstruction of the Crust 5.1-based dynamic surface topography lows over the continents.
The second source of error in the inferred dynamic surface topography is associated with errors in the values of the layer densities. In Mooney et al. (1998) , the density of the crystalline continental crust was ®xed by using the linear regression lines Figure 1 . Long-wavelength (l=1±8) depictions of (a) Earth's observed surface topography (ETOPO5 database, National Geophysical Center 1988), (b) the isostatic topography inferred on the basis of the Crust 5.1 model (Mooney et al. 1998 ) from the solution of eqs (6) and (7), and (c) the difference between the observed and isostatic topographies, which we refer to as dynamic surface topography (see also Pari & Peltier 2000) . In (a) and (b), we plot the topographic variations on a scale of x6 to +6 km in increments of 1.5 km, whereas in (c) we plot them on a scale of x2 to +2 km in increments of 0.5 km. Table 2 . Peak continental dynamic surface topography depressions (km) inferred from the Crust 5.1-based ®eld (second column). The ®rst and second errors (1 standard deviation) listed in Table 2 are inferred on the basis of the error estimates on layer thickness and density of Christensen & Mooney (1995) , respectively (see Section 3 for detailed explanation). The third column corresponds to results obtained with a high-viscosity lower mantle, whole-mantle circulation model (Fig. 7a) Earth's dynamic surface topography 505
of Christensen & Mooney (1995) , in which is analysed a signi®cantly expanded data set of high-pressure compressional wave velocity measurements for a variety of crustal rock types. The determination of continental crustal densities based on compressional wave velocity measurements requires, in particular, assumptions to be made concerning the composition of the crust (see Rudnick & Fountain 1995 for a recent review); in our work, we adopt as representative the errors on continental crustal densities estimated by Christensen & Mooney (1995) on the basis of their modelling assumptions (here, this represents a natural course to follow because, as mentioned previously, these density models were employed to ®x the continental crystalline layer densities in Crust 5.1). Christensen & Mooney's least-squares ®ts to the data (corrected for the increase of temperature with depth according to an average continental geotherm and also excluding data related to unmetamorphosed volcanic rocks and monomineralic rocks) yield a high coef®cient of determination of the order of 90 per cent and a standard error on the estimate of density based on compressional wave velocity ranging between t50 and t70 kg m x3 (see Table 7 of Christensen & Mooney 1995) . Using these depth-dependent standard errors for the density of the crystalline continental crust results in errors of the order of t30 per cent (representing 1 standard deviation) for the computed dynamic surface topography lows over the continents. These errors are listed in Table 2 as the second error following the inference. We note that errors in the density lead to the dominant contributions to the total error as these densities are multiplied by large values of the continental crust thickness in the computation of the isostatic topography.
Based on these considerations, we observe that the Crust 5.1-based inference of dynamic surface topography lows over the continents remains well within the error bars that we estimate on the basis of the Christensen & Mooney (1995) model. The inferences remain signi®cant within 2 standard deviations (cumulative density and layer thickness errors). In addition to the analyses presented above, we have veri®ed that the impact of errors associated with the density of the oceanic crust is much less signi®cant due to the small thickness of this crust [we employed t40 kg m x3 as in Le Stunff & Ricard (1995) ]. Finally, and also commented upon in Mooney et al. (1998) , small-scale density heterogeneities that potentially may have been inaccurately accounted for in the crustal model have less of an impact at the very long wavelengths at which we conduct our investigations than they would otherwise have in the context of regional-scale studies.
It is interesting to compare the results we obtain for dynamic surface topography with those of two previous investigations that explicitly considered the question of computing the isostatic component of the topography due to crustal heterogeneity, namely those of Forte et al. (1993a) and Le Stunff & Ricard (1995) . The observation that continental interiors are regions of localized relative dynamic surface topography lows has previously been made by Forte et al. (1993a) using a continent function-based model of crustal heterogeneity. The continental dynamic surface topography depressions inferred in Forte et al.'s work, however, have peak amplitudes approximately 1 km deeper than the ones inferred herein. Le Stunff & Ricard (1995) subsequently reconsidered the same issue, compiling a global crustal thickness data ®le and using the continental Le Stunff & Ricard (1995) attributed the difference between their results and those of Forte et al. (1993a) to the different choices of average continental crust density, which they rounded off and listed as 2900 and 2800 kg m x3 , respectively. As such, this would imply a 1.4 km change in isostatic topography if the difference is taken over a depth interval of 40 km characteristic of the thickness of the continental crust, suf®cient to explain the discrepancy between the two models. However, retaining an extra decimal place in the analyses yields, instead, average continental crust densities of 2880 kg m x3 [average of models 1±4 in Table 1 of Le Stunff & Ricard (1995) ] versus 2830 kg m x3 (Forte et al. 1993a) , implying a smaller change of only 0.7 km. The discrepancy between the two models is reconciled by noting that in Le Stunff & Ricard (1995) , a deep subcontinental lithosphere with density 1±2 per cent greater than the asthenosphere is assumed to represent an additional isostatically maintained load (only the crust is assumed to be isostatically maintained in Forte et al. and in the treatment presented herein; heterogeneity at greater depth is treated dynamically as discussed in Section 4). Over a depth extent of roughly 100 km, corresponding to the difference in depth between the oceanic and continental lithospheres, this represents a reduction of 1±2 km of the (assumed) isostatic topography over the continents. Finally, the average continental density that is obtained for the Crust 5.1 model is 2861 kg m x3 . This is very close to the value inferred by Le Stunff & Ricard (1995) in their inversions and suggests that the isostatic compensation of the crust in Crust 5.1 (Fig. 1b ) or in the model of Le Stunff & Ricard (1995) would lead to very similar topographies.
The results of Forte et al. (1993a) and Le Stunff & Ricard (1995) and those presented herein based on three independently inferred crustal models all lead to the similar observation that the isostatic topography due to the continental crust is higher than the observed topography. Based on a consideration of the errors presented in Christensen & Mooney (1995) , we conclude that our inference of continental dynamic surface topography lows is signi®cant; the null hypothesis (that is, over the continents the isostatic topography due to the buoyant crust is the same as the observed topography or, as we rephrase it based on the de®nition presented in Section 2, the dynamic surface topography is vanishingly small) is rejected within 2 standard deviations [an interesting argument presented in Forte et al. (1993a) suggests that making this null hypothesis unacceptably Figure 3 . Depth dependences of the l=2 (solid line), l=5 (dotted line) and l=8 (dashed line) dynamic surface topography kernels (dr(r E , r d ), see eq. 8) computed using a compressible, gravitationally consistent viscous¯ow theory (Forte & Peltier 1991; Forte & Woodward 1997) for the following viscosity pro®les (viscosities are taken relative to the upper mantle value n UM ): (a) an isoviscous pro®le, (b) a pro®le with a viscosity increase by a factor of 400 at the depth of the 660 km seismic discontinuity, (c) the pro®le depicted in Fig. 4, (d) as (b) , except for the addition of a low-viscosity asthenospheric channel, n ast =10 x3 n UM , between depths of 100 and 175 km, (e) as (b) except for the addition of a low-viscosity notch, n notch =10 x3 n UM , between depths of 600 and 660 km, and (f) as (c) except for the case of a layered¯ow model (see eq. 11). Also included in the viscosity structures considered in (a), (b), (d) and (e) is a lithospheric lid with n lit =10n UM . All cases except (f) assume whole-mantle circulation.
leads to undifferentiated oceanic and upper continental crustal densities]. This represents an improvement over the situation presented in Le Stunff & Ricard (1995) , in which the earlier data of Holbrook et al. (1992) with errors roughly twice as large as those characteristic of the continental densities in the Crust 5.1 model did not allow them to make a similar claim.
T H E O R E T I C A L M E T H O D
We obtain theoretical predictions for Earth's dynamic surface topography by using a seismic tomography-based internal loading theory to compute the instantaneous response (topographic, gravitational, etc.) to internal loading of a very viscous, selfgravitating shell of¯uid (Ricard et al. 1984; Richards & Hager 1984) . Speci®cally, we employ the gravitationally consistent, anelastically compressible theory formulated in Forte & Peltier (1991) , Panasyuk et al. (1996) and Forte & Woodward (1997) (the conservation equations of mass and momentum, and Poisson's equation for the gravitational potential, are solved for a very viscous, slowly creeping¯uid). The compressible theory has been employed in several investigations to predict the large-scale structure of various geophysical ®elds (Forte & Peltier 1991; Forte et al. 1993a Forte et al. ,c, 1994 Thoraval et al. 1994 Thoraval et al. , 1995 Pari & Peltier 1995 , 2000 Panasyuk et al. 1996; Forte & Woodward 1997) .
Within the context of the internal loading formalism, it is easiest to solve directly for vertical and tangential velocities and non-hydrostatic stresses. With respect to our calculation of dynamic surface topography, the relevant dependent variable is then the total vertical stress s rr , which depends on both the non-hydrostatic pressure and the deviatoric part of the stress tensor. Essentially, we obtain dr E directly from eq. (2) rather than by separately evaluating the non-hydrostatic pressure and the radial derivative of the radial component of¯ow velocity that appear in eq. (4). In the end, we express dynamic surface topography as the convolution between the seismic tomography-inferred aspherical loads r 1 that drive the convective circulation and appropriate axisymmetric kernels dr (r E , r d ) that denote the response in dynamic surface topography dr E at the surface r=r E due to a (unit mass) internal load located at r=r d . In spectral form, we have
in which l and m denote spherical harmonic degree and order, respectively, Dr mo =2.2 Mg m x3 is the jump in density across the mantle±ocean boundary, and the radial integral is carried out over the depth extent of the mantle.
The form of the dynamic surface topography kernels that enter into eq. (8) depends on the choice of boundary conditions and the depth-dependent pro®le of mantle viscosity n(r) (we assume in our calculations that mantle viscosity varies only as a function of depth). In Figs 3(a)±(e), we depict the depth dependences of the l=2, 5 and 8 kernels for several viscosity pro®les (see ®gure caption) assuming whole-mantle circulation. In all cases, the effect of a positive unit mass load located at the outer surface r=r E is to produce a coincident maximal negative response (normalized to x1), whereas a load located at the core±mantle boundary produces no de¯ection of the outer surface. The effect of loads located within the mantle depends on the depth pro®le of mantle viscosity. We observe that increasing the viscosity of the lower mantle causes a corresponding decrease in the magnitude of the kernels over this depth interval, especially at higher spherical harmonic degrees. For a suf®ciently large increase, as in the case considered in Fig. 3(b) , lower mantle heterogeneity is essentially precluded from contributing signi®cantly to dynamic surface topography. Also in this case, the shape of the kernels is approximately independent of degree. These properties are to be contrasted with those exhibited by the kernels represented in Fig. 3(c) , corresponding to the viscosity pro®le shown in Fig. 4 , characterized by a lower mantle viscosity that is much smaller, by approximately one order of magnitude, than that of the pro®le considered in Fig. 3(b) .
It is interesting to observe the effects on dynamic surface topography kernels of narrow upper mantle low-viscosity notches, one near the surface (asthenospheric channel, Fig. 3d ) and the other based at a depth of 660 km (Figs 3c and e) . The latter feature has previously been invoked in geoid modelling (Forte et al. 1993a Pari & Peltier 1995 . Several mechanisms have been suggested to account for its (potential) existence: transformational superplasticity (e.g. Pari & Peltier 1995; Panasyuk et al. 1996) ; the Verhoogen effect (e.g. Forte et al. 1993c) ; or an internal thermal boundary layer (e.g. Pari & Peltier 1995) . The effect of the 660 km low-viscosity notch is to enhance the magnitude of high-l kernels in the upper mantle. Over the limited depth interval de®ned by the notch, these kernels sharply decrease to very small values. In contradistinction, the effect of the asthenospheric channel is to focus the kernels at shallow depth near the surface.
The results presented in Figs 3(a)±(e) assume that the circulation is whole-mantle, that is, no explicit impediment to radial mass transfer is imposed within the mantle other than at the upper and lower bounding surfaces. In the next section, we will also consider results for dynamic surface topography obtained within the context of a layered-mantle model of the circulation in which the layering is implemented via the Figure 4 . Post-glacial rebound inspired (Pari & Peltier 1995 depth dependence of the viscosity pro®le employed in our layeredmantle calculations of dynamic surface topography (see Fig. 8 below) . The viscosity of the low-viscosity notch is n notch =10 x3 n UM .
introduction of appropriately constrained heterogeneity in the form of a sheet mass load. Details of the formalism have been provided elsewhere (Pari & Peltier 1998 ) (in particular the equivalence of this approach with that which would instead introduce an explicit¯ow-blocking boundary condition) and, therefore, will not be repeated here. Within the context of this approach, we de®ne`effective' layered-mantle kernels dr eff L (a, r d ) according to the following equality:
in which s 1 denotes the sheet mass load and the Dirac delta function d(r d xr SM ) ®xes the radial location of this load at r SM . Using the constraint of vanishing radial¯ow at radius r=r L , we can write for the sheet mass load (Pari & Peltier 1998 )
in which U 0 (r L , r SM ) denotes the (whole-mantle circulation) radial component of¯ow velocity response at radius r=r L due to a unit delta function load located at radius r=r SM . Substituting eq. (10) into eq. (9), we arrive at the desired result,
In Fig. 3(f) , we show the effective layered-mantle dynamic surface topography kernels corresponding to mantle circulation layered at the depth of the 660 km discontinuity by the introduction of an appropriately constrained sheet mass load at radius r=5003 km [the sheet mass load is introduced in the mid-mantle rather than at the 660 km discontinuity in order to preserve the quality of the internal loading theory prediction of the long-wavelength non-hydrostatic free-air gravity ®eld, as discussed in Pari & Peltier (1998) ]. The viscosity pro®le depicted in Fig. 4 is assumed. Layering the circulation quenches the kernels in the lower mantle, an effect seen to be similar to that of a signi®cant increase in viscosity (Fig. 3b) . Further descriptions of whole-mantle and layered-mantle dynamic surface topography kernels for different models of mantle viscosity can be found in Hager & Clayton (1989) , Forte et al.(1993a) and Le Stunff & Ricard (1997) .
Returning to eq. (8), we infer the aspherical density structure of the mantle according to the following two-parameter linear relation (Forte et al. 1995; Pari & Peltier 1996) : and thermal seismic conversion factors, respectively. Additionally, r 0 (r) and o S (r) are the isotropic background density and shear wave velocity pro®les, respectively, ®xed to the PREM model (Dziewonski & Anderson 1981) . In this expression,`cor' and uncor' refer to global tomographic models that consist of mantle heterogeneity that is either correlated or uncorrelated to the geographical outline of the continental cratons. We de®ne these models as in Pari & Peltier (1996) ,
in which do S (r, h, w)/o S (r) denotes a shear wave velocity global tomographic model and c(h, w) is the so-called craton function re¯ective of the geographical outline of the continental cratons. Essentially, eq. (13) picks out from the global tomographic model the anomalously fast and deep keels that are imaged tomographically beneath continents. The residual uncorrelated tomographic model is assumed to represent suboceanic mantle heterogeneity having a thermal origin.
In this work, we employ the tomographic inversion S.F1.K/ WM13 (SF1K) of constructed on the basis of constraints provided by long-period seismic data and geodynamic data (the long-wavelength free-air gravity data). Further discussion of the correlated and uncorrelated tomographic models, and the craton function we employ to construct these, can be found in Pari & Peltier (1996) and will therefore not be repeated here. Finally, returning to eq. (12), we point out that the depth dependence of the thermal seismic conversion factor [d ln r/d ln o S ] T is ®xed, in the calculations presented below in Section 5, to the inference of Karato (1993) 
D Y N A M I C S U R F A C E T O P O G R A P H Y : R E S U L T S
In our introductory comments, we noted the apparent incompatibility between whole-mantle internal loading theory predictions of dynamic surface topography and inferences of residual topography (e.g. Ricard et al. 1993; Kido & Seno 1994) . Here, we ®rst explore whether it is possible to obtain adequate representations of our new Crust 5.1-based inference of dynamic surface topography shown in Fig. 1(c) by simply varying the depth pro®le of mantle viscosity within the context of wholemantle circulation models. This should be contrasted with the many investigations that have reached the conclusion that layered-mantle convection is required in order to explain the small amplitude variations of residual topography (Thoraval et al. 1995; C Ï adek et al. 1997; Le Stunff & Ricard 1997; Wen & Anderson 1997) .
In Fig. 5 , therefore, we show the effect of varying various features of the depth pro®le of mantle viscosity on the prediction of dynamic surface topography. Our calculations are based on the whole-mantle circulation internal loading theory described in the previous section. We employ the tomographic model SF1K , ®x the thermal seismic conversion factor to the inference of Karato (1993) and ®x the chemical seismic conversion factor to [d ln r/d ln o S ] C =x0.05 above a depth of 175 km and to Karato's inference below a depth of 175 km (anticipating the discussion presented below on the buoyancy of deep subcontinental structure, we will for the time being assume that dense subcontinental keels underlie neutrally buoyant continental plates). We employ the total variance reduction as a diagnostic of the quality of the theoretical predictions, retaining spherical harmonic degrees l=1±6, where most of the power of the inferred ®eld is concentrated (see Fig. 2 and recall that the variance reduction is a measure of the squared mis®t between observation and prediction: a value of 100 per cent represents a perfect ®t of all spherical harmonic components in the degree range under consideration).
For simplicity, we choose two-layer viscosity pro®les characterized by a jump in viscosity at the depth of the 660 km seismic discontinuity between the transition zone and the lower mantle. We then separately investigate the effects of adding to the twolayer pro®les the following features: (i) a low-viscosity asthenospheric channel located between depths of 100 and 175 km; (ii) a high-viscosity lithosphere located between the surface and a depth of 100 km; and (iii) a low-viscosity notch located between depths of 600 and 660 km. We ®rst observe in Fig. 5(a) (solid line) that increasing the viscosity of the lower mantle relative to that of the upper mantle leads to a signi®cant improvement in the quality of the ®t. Best descriptions achieve total l=1±6 variance reductions of 66 per cent and are obtained for n LM #400rn UM . Modifying the viscosity pro®le in the upper mantle or transition zone by including an asthenosphere (Fig. 5a ), a lithosphere (Fig. 5b) or a low-viscosity notch at 660 km depth (Fig. 5c) does not signi®cantly alter the conclusion that a large increase in viscosity across the depth of the 660 km seismic discontinuity is required if the whole-mantle circulation theory is to reconcile our Crust 5.1 inference of dynamic surface topography. In the cases in which an asthenosphere or a 660 km low-viscosity notch are included, optimal reconciliations can be obtained for relatively smaller values of lower mantle viscosity n LM #50rn UM . However, including any of these focused viscosity structures does not lead to an improvement of the optimal overall variance reduction of the data. We are therefore obliged to conclude that although none of these features of the viscosity pro®le is rejected by the dynamic surface topography constraints, none of them is required, either. Finally, we have not found satisfactory descriptions of the Crust 5.1 inference of dynamic surface topography when the increase in viscosity is imposed at the greater depth of 1300 km in the lower mantle.
We now investigate the effect of varying the buoyancy of subcontinental upper mantle structure on the prediction of dynamic surface topography. Whereas the ®rst-order effect of varying viscosity is to decrease the total amplitude of the predicted ®eld in line with the Crust 5.1 inference by increasing the viscosity of the lower mantle, speci®c values of the seismic conversion parameters, in particular [d ln r/d ln o S ] C , strongly impact on the predicted geographical patterns (including, potentially, locally reversing the sign of predicted dynamic surface topography features). Figure 5 . Total degree l=1±6 variance reduction of the dynamic surface topography data as a function of the relative viscosity of the lower mantle for models of the depth pro®le of mantle viscosity that include (a) an asthenospheric channel (n ast =0.01, dotted line, and n ast =0.001, dashed line), (b) a lithospheric lid (n lit =10, dotted line, and n lit =100, dashed line), and (c) a 660 km low-viscosity notch (n notch =0.01, dotted line, and n notch =0.001, dashed line). In all case, the solid line depicts the results obtained for a simple two-layer viscosity pro®le.
We ®rst consider the impact of varying the buoyancy of the deep mantle beneath North America. Contrary to the discussion on the nature of deep subcontinental structure presented in Pari & Peltier (1996) that focused on the distinctiveness of the long-wavelength non-hydrostatic free-air gravity low over the Hudson Bay region of Canada [in this respect, however, see the more recent discussion on the geodynamic implications of large-scale continental free-air gravity anomalies presented in Pari & Peltier (2000) ], the North American dynamic surface topography low (see Fig. 1 ) may serve as a generic case for all the continents. In Fig. 6 , therefore, we compare the effect of converting the anomalously fast keel imaged beneath North America in tomographic model SF1K into a positively, neutrally or negatively buoyant feature (speci®c values of [d ln r/d ln o S ] C are indicated in the ®gure caption). In all cases, we treat the top 175 km of the subcontinental mantle as neutrally buoyant. We note that our modelling of neutrally buoyant subcontinental keels is akin to the isopycnic hypothesis of the tectosphere hypothesis (Jordan 1975) . We assume the circulation to be whole-mantle in style and a viscosity pro®le characterized by a large increase in viscosity n LM =200rn UM across the depth of the 660 km discontinuity.
Within the context of these modelling assumptions, we observe that the neutrally and positively buoyant models of subcontinental heterogeneity are incapable of reconciling the dynamic surface topography observations over North America. The negatively buoyant representation of the North American keel, however, leads to an accurate description of the dynamic surface topography anomaly over North America. Our geodynamic modelling suggests that Earth's dynamic surface topography provides useful constraints on the deep structure of the continents, a conclusion also reached on the basis of the layered circulation model presented in Pari & Peltier (2000) that is brie¯y discussed below.
We have also found that the quality of the long-wavelength descriptions of the dynamic surface topography can be somewhat improved (the total variance reduction is increased by approximately 10 per cent) by slightly reducing the magnitude of the thermal seismic conversion factors in the very shallow regions of the suboceanic upper mantle. The improved ®t is obtained when [d ln r/d ln o S ] T =0.15 for d>175 km and implies a reduction of the amplitude of predicted ocean topography highs by approximately 0.5 km. We note that a small value for this parameter in the top region of the upper mantle has Karato's (1993) inference, the viscosity pro®le is characterized by n LM =200rn UM , and tomographic model SF1K is employed. The observed ®eld is depicted in the upper left frame. The contour scale ranges from x2 to +2 km in all cases.
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been advocated in the past by Forte et al. (1993c) on the basis of geoid inversions. Such an anomalously small [d ln r/d ln o S ] T may be the result of a small fraction of partial melting in the shallow oceanic lithosphere. If this were the case, shear wave velocities would be biased towards slower values.
The results of our forward modelling have led us to a class of geodynamic modelsÐcharacterized by whole-mantle circulation, a high-viscosity lower mantle and dense subcontinental keelsÐ that accurately reconciles the Crust 5.1 inference of dynamic surface topography. An example is illustrated in Fig. 7(a) (speci®c details of the parametrization are given in the ®gure caption). Inspection of the ®gure reveals the excellent description of the dynamic depressions over continents as well as the elevated topographic features over oceanic regions. In Table 2 , we provide a detailed comparison of inferred and predicted peak dynamic surface topography over continents: the largest mis®t of x30 per cent occurs in the case of Eurasia.
The high-viscosity lower mantle, whole-mantle circulation model prediction achieves excellent total variance reductions of the Crust 5.1-based dynamic surface topography constraints of 76 and 71 per cent in the spherical harmonic degree ranges l=1±6 and l=1±8, respectively. On a degree per degree basis, the best-described harmonics are the l=1 (88 per cent), l=5 (88 per cent), l=3 (77 per cent) and l=4 (76 per cent) components, which, interestingly, are also those that dominate the power spectrum (see Fig. 2 ). Less than optimal results are obtained for degrees l=6 (44 per cent), l=7 (40 per cent), l=8 (32 per cent) and l=2 (16 per cent). We note that an increase in the viscosity of the lower mantle by an additional factor of 3/2 improves the variance reduction of the degree 2 components by 24 per cent, at the expense, however, of somewhat underpredicting the overall amplitude of the observations. In Figs 7(b)±(d), we focus on the relative contributions of various depth regions of the mantle to the ®eld shown in Fig. 7(a) . Region A refers to the top 175 km of the mantle (Fig. 7b) , region B corresponds to the upper mantle and transition zone minus region A and the lower mantle (Fig. 7c ) and region C corresponds to the lower mantle (Fig. 7d) . In terms of peak amplitude variations, the contributions from regions A and B are not dissimilar. Interestingly, these dynamic surface topography contributions are well correlated. This suggests, at least in part, a deep upper mantle dynamic support of elevated topography in some regions of the oceans (see the discussion presented in Section 2). Fig. 7(b) indicates predominantly shallow dynamic support for the narrow topographic high over the East Paci®c Rise as well as the relatively smaller-amplitude, correctly located anomalies over the southern and northern portions of the mid-Atlantic ridge and the Southeast Indian ridge. We note that region B (Fig. 7c) contributes vertical stresses that maintain a very broad region of the Paci®c plate relatively elevated. Figure 7 . Long-wavelength degree l=1±8 global predictions of dynamic surface topography. (a) Prediction of a whole-mantle circulation, highviscosity lower mantle model (n LM =200rn UM ) that achieves 71 per cent variance reduction of the long-wavelength l=1±8 data. The viscosity pro®le also includes a lithosphere n lit =10n UM (depth d<100 km) and an asthenosphere n ast =10 x3 n UM (100 km<d<75 km). Mantle heterogeneity is converted into density according to Karato's (1993) Fig. 1(c) and is plotted on a scale varying from x2 to +2 km.
In our modelling, the top 400 km or so of the subcontinental mantle is responsible for the systematic dynamic depressions over the continents.
The contribution of the lower mantle to dynamic surface topography (Fig. 7d) is dominated by the degree 2 components (the power at this degree is approximately a factor of 5 greater than that at any other degree). In this case, a circum-Paci®c low is associated with the anomalously fast ring of cold material in this region of the lower mantle (e.g. Dziewonski & Woodward 1992) . In our opinion, the most remarkable dynamic topographic feature due to lower mantle heterogeneity is the degree 2 pattern of topographic highs, one located beneath Africa and the other beneath the Paci®c. Both of these geographic regions have been argued to be the site of superswells (e.g. Nyblade & Robinson 1994; McNutt 1998) . Our modelling would appear to provide a uni®ed explanation of these features as due to the lower mantle. In McNutt (1998) , the Paci®c superswell is ascribed an upper mantle origin distinct from that of the African superswell. Although Fig. 7(c) indicates signi®cant upper mantle contributions to the Paci®c superswell, vertical stresses due to the lower mantle are also seen to contribute in a non-negligible way. A dynamic model of the African superswell has recently been proposed by Lithgow-Bertelloni & Silver (1998) in which it is argued to be maintained by the positive buoyancy of the African Superplume (Dziewonski & Woodward 1992 ) (LithgowBertelloni & Silver, however, do not simultaneously consider the Paci®c superswell in their work). Here, we support this interpretation (although in the context of our modelling assumptions, the lower mantle contribution is seen to be relatively small compared to the more important lithospheric and upper mantle contributions that lead to the overall relative dynamic depression of the African continent shown in Fig. 1c ). Very recently, Pari & Sichoix (1999) have carefully modelled the impact on superswell topography of varying the relative buoyancy of the deep lower mantle superplumes. Anomalously slow lower mantle heterogeneity associated with the superplumes was isolated in a manner analogous to that employed to isolate deep subcontinental keels (we introduced a`plume' function to carry out the cross-correlations implied in eqs 13 and 14). When the plumes were treated as being close to neutral buoyancy (Kellog et al. 1999) , we were unable to generate the required vertical stresses that maintain regions of South Africa and Polynesia in a state of anomalous elevation.
We conclude this section by showing dynamic surface topography results for a layered convection model that has previously been shown to reconcile simultaneously the non-hydrostatic free-air gravity ®eld, the surface pattern of heat¯ux anomalies and postglacial rebound constraints on the inference of the depth pro®le of mantle viscosity (Pari & Peltier 1998 ). This extends the discussion initially presented in Pari & Peltier (2000) . The assumed viscosity pro®le is illustrated in Fig. 4 Pari & Peltier 1996 . The corresponding effective layered-mantle dynamic surface topography kernels are shown in Fig. 3(f) . Speci®cally, we enforce layering at the depth of the 660 km seismic discontinuity by introducing an appropriately constrained sheet mass load at a depth of 1300 km (the motivation behind this approach is discussed at length in Pari & Peltier (1998) ).
In Fig. 8(a) we show the dynamic surface topography prediction of this layered circulation model (see the ®gure caption for details of the parametrization). We calculate a total variance reduction of 57 per cent in the spherical harmonic degree range l=1±6. It is interesting to consider the fraction of the total dynamic surface topography that is supported by the sheet mass load and the dynamic surface topography that would otherwise be predicted in the absence of this load. This latter case corresponds to whole-mantle¯ow. On the basis of Fig. 8(c) , we observe that the whole-mantle theory signi®cantly overpredicts the observations when the viscosity pro®le is ®xed according to that depicted in Fig. 4 . Peak-to-peak amplitude variations are of the order of 7 km. The dynamic Fig. 4 , tomographic model SF1K is employed, and a sheet mass load that layers the circulation at 660 km is introduced at r=5003 km (Pari & Peltier 1998) . (a) Prediction of the layered-mantle model; (b) dynamic surface topography resulting from the sheet mass load alone; (c) dynamic surface topography predicted by the whole-mantle circulation model with parameters chosen as in (a). In (a) and (b), the contour scale ranges from x2 to +2 km, whereas in (c) it ranges from x4 to +4 km.
surface topography due to the sheet mass load (Fig. 8b) , however, is mostly negatively correlated with the whole-mantle theory result and is of suf®ciently large amplitude to bring the total result into good agreement with the observations. In our layered model, a signi®cant fraction of the topography is therefore`compensated' internally.
The layered-mantle model, therefore, provides adequate descriptions of the main features of the Crust 5.1-based inference of dynamic surface topography. As in the case of the wholemantle model with a large increase in viscosity, it provides a mechanism precluding lower mantle heterogeneity from exerting signi®cant tractions on the outer surface. Can one reasonably discriminate between the two approaches based on the dynamic surface topography constraints alone? If the origin of the anomalous elevation of southern regions of Africa resides in lower mantle dynamic support as suggested in LithgowBertelloni & Silver (1998) and concurred with herein, the wholemantle circulation model would appear to be favoured. Indeed, the layered-mantle model (see Fig. 8 ) overpredicts the peak amplitude of the topographic depression over Africa by 0.8 km (x1.8 km versus x1.2 km in the whole-mantle model compared to a Crust 5.1-based inference of x1.0 km) as there is no obvious upper mantle or transition zone mechanism to counterbalance the downward pull on the surface due to dense material composing the keel beneath western Africa.
C O N C L U S I O N S
In this paper, we have considered geodynamic implications of the Earth's dynamic surface topography for models of the large-scale mantle convective circulation. We inferred this datum by subtracting from the observed topography a model of the isostatically maintained topography determined on the basis of the recent Crust 5.1 global model of crustal structure (Mooney et al. 1998) . By proceeding in such a manner, we circumvented possible bias in the inference that could otherwise ensue from the requirement of making a continental baseline correction. Our inference of the Earth's long-wavelength dynamic surface topography is characterized by elevated topography in regions of rapidly spreading sea¯oor (we argued that the square root of age variation of oceanic bathymetry is dynamic) and, more strikingly, systematic and deep depressions of the order of 1±2 km in continental regions. We veri®ed that errors in both densities and layer thicknesses of the crustal model (Christensen & Mooney 1995) did not unsubstantiate this inference: we found it to be signi®cant within 2 standard deviations. We noted the relative smallness of the degree 2 components, suggesting an upper mantle origin for these observations.
Our tomography-based internal loading calculations of dynamic surface topography were successful in reproducing the Crust 5.1-based observations (characterized by peak-topeak variations of the order of 3±4 km) only if lower mantle heterogeneity was precluded from exerting signi®cant vertical stresses on the Earth's outer surface. We demonstrated that whole-mantle models of the circulation could optimally reconcile the dynamic surface topography data if the viscosity pro®le assumed in the calculations was characterized by a large increase in viscosity (by at least a factor of 50) across the level of the 660 km seismic discontinuity. We were then able to achieve excellent descriptions, with variance reductions of 75 per cent, of the long-wavelength l=1±6 Crust 5.1-based inference of dynamic surface topography. We also noted that a perfectly layered model of the circulation led to adequate descriptions of the long-wavelength dynamic surface topography constraints. In this case, however, we argued that such a layered-mantle model did not adequately reconcile constraints provided by superswell topography. Here, we suggested that the antipodal Paci®c and African superswells are dynamically maintained by positively buoyant lower mantle superplumes imparting on the outer surface a large-scale, low-amplitude, degree 2 pattern of vertical stresses.
Another interesting aspect of our study of the Earth's dynamic surface topography concerns the deep structure of the continents. Current seismological studies provide con¯icting results. Although many global tomographic models indicate deep, anomalously fast subcontinental structure extending to depths of the order of 400 km (e.g. Li & Romanowicz 1996; Masters et al. 1996; Resovsky & Ritzwoller 1999) , other models image much shallower anomalies of the order of 200 km (e.g. Ekstro Èm & Diewonski 1998). It is dif®cult to reconcile the Crust 5.1-based dynamic surface topography observations within this latter class of models (Pari 1999) . Differing conclusions about the depth of cold subcontinental structure have also been reached within the context of seismic re¯ection studies of 410 km topography (the argument is that the exothermic phase transformation of olivine to b-spinel coincident with the 410 km seismic discontinuity would cause elevated topography in anomalously cold regions). Using both long-period SS and PP precursors to map the 410 km boundary topography, Flanagan & Shearer (1998 , 1999 found no evidence for continent±ocean thermal differences. Li et al. (1998) reached a similar conclusion on the basis of a study of P-to-S converted phases to infer 410 km boundary topography beneath the eastern margin of the North American continent. However, Gossler & Kind (1996) and Gu et al. (1998) found evidence of anomalously elevated 410 km topography beneath continental regions. Gu et al. interpreted their results to imply the existence of deep, chemically distinct and neutrally buoyant subcontinental keels (Jordan 1975) .
Herein, we have shown that the dynamic surface topography lows associated with continental regions ®nd a natural explanation within the context of models of mantle structure that assume anomalously dense subcontinental keels beneath stable continental interiors. Whether or not these dense keels represent active downwelling instabilities Pari & Peltier 1996 , 2000 is an intriguing question. Here, we did not take into account the role of lateral viscosity variations. Although some detailed investigations (Forte & Peltier 1994) suggest that realistically accounting for the temperature dependence of the creep resistance of the mantle will not have a major impact on the predicted dynamic surface topography, these variations could nevertheless signi®cantly stabilize the keels. This question, and many others pertaining to the inference of the Earth's dynamic surface topography and its modelling, constitute important areas of future research. In this respect, we believe that our initial analysis of the geodynamic implications of the Crust 5.1-based inference of dynamic surface topography provides useful new constraints.
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